Recent studies have revealed the essential role played by nerves in tumor progression. Nerves have been shown to infiltrate the tumor microenvironment and actively stimulate cancer cell growth and dissemination. This mechanism involves the release of neurotransmitters, such as catecholamines and acetylcholine, directly into the vicinity of cancer and stromal cells to activate corresponding membrane receptors. Conversely, the secretion of neurotrophic growth factors by cancer cells drives the outgrowth of nerves in solid tumors. This reciprocal interaction between nerves and cancer cells provides new insights into the cellular and molecular bases of tumorigenesis and points to the potential utility of antineurogenic therapies. This review will discuss our evolving understanding of the cross-talk between nerves and cancer cells. Cancer Res; 75(9);
Introduction
The peripheral nervous system can be viewed as a neuronal circuit that connects all body parts and organs to the central nervous system and thus the brain. Sensory and motor nerves are mediators of environmental adaptation to the outside world through cognitive integration and muscular movement. Interestingly, the same concept applies to internal organs via autonomic nerves. Sympathetic and parasympathetic nerves reach most internal organs and orchestrate tissue homeostasis through direct innervation and release of neurotransmitters such as catecholamines and acetylcholine. Despite early studies dating back from the 1940s and showing an impact of denervation in cancer (1) (2) (3) , the role of nerves in cancer initiation and progression has remained unclear. However, recent evidence has led to the crystallization of a new paradigm: that the infiltration of the tumor microenvironment by nerves, termed tumor neoneurogenesis or axonogenesis, plays an active role in cancer progression. Infiltrating nerve fibers stimulate tumor growth and dissemination, and reciprocally tumor cells drive nerve outgrowth in a cross-talk that contributes to tumor progression. This review aims to outline the latest developments about the nerve-cancer cell interaction and to explore the potential value of antineurogenic therapies.
Nerves in the Tumor Microenvironment and Their Impact on Cancer Progression
The tumor microenvironment is crucial to cancer progression. The interaction of cancer cells with the stroma, including endothelial cells, immune cells, fibroblasts, and the extracellular matrix, has been established, and this has led to innovative anticancer therapies, for example, those targeting angiogenesis. In contrast, until recently, the presence and role of nerves in the tumor microenvironment have received little attention. It is established that cancer cells can grow around existing nerves and eventually invade them, in a process called perineural invasion (4) . This is generally associated with a poor prognosis and can cause severe pain as demonstrated in pancreatic cancer (5) . However, during perineural invasion, nerves are passive, in that they essentially provide a route for cancer cell dissemination. The paradigm change established very recently is that the converse phenomenon, that is, the infiltration of tumors by growing nerves (tumor neoneurogenesis or axonogenesis), has been evidenced and linked to cancer progression.
In a landmark paper, Magnon and colleagues (6) have demonstrated that autonomic nerve sprouting in prostate tumors is essential to prostate cancer progression. Sympathetic and parasympathetic nerves were found to be necessary throughout all phases of prostate cancer development in the mouse. On one hand, the early phases of tumor development were found preventable by sympathectomy or genetic deletion of b-adrenergic receptors, and on the other hand, tumors were also infiltrated by parasympathetic cholinergic fibers that promoted cancer dissemination. Catecholamines and acetylcholine, secreted by sympathetic and parasympathetic nerves, were responsible for the stimulation of prostate tumor growth and metastasis, respectively. Although actions of the sympathetic and parasympathetic nervous systems are classically in opposition, this study suggests that in cancer, they are in fact complementary, where sympathetic nerves stimulate early phases and parasympathetic nerves activate the late metastatic process. Interestingly, stromal cells were found to express b-adrenergic receptors and muscarinic receptors, and to be targeted by the corresponding ligands, catecholamines, and acetylcholine, secreted by nerves. This reinforces the concept that stromal cells interact with tumor cells and impact their biology. In human prostate tumors, the density of nerves was directly correlated to the Gleason prostate cancer score and tumor aggressiveness, thus providing a clinical relevance to the findings in mice. Taken together, this study was the first to clearly demonstrate that the nervous system is involved in cancer progression and that autonomic nerves are an essential component of the tumor microenvironment, participating in cancer growth and metastasis.
Furthermore, a recent study by Zhao and colleagues (7) has shown that denervation suppresses gastric tumorigenesis. Using a mouse model of gastric cancer, surgical and pharmacologic denervation of the stomach, by vagotomy or local injection of neurotoxic agents, strongly reduced tumor incidence and progression. In addition, denervation was able to enhance the therapeutic effect of systemic chemotherapy and may therefore be a feasible strategy for the control of gastric cancer. In terms of mechanisms, the denervation-induced suppression of gastric tumorigenesis was associated with the inhibition of Wnt signaling and subsequent suppression of stem cell expansion mediated through cholinergic signaling. Cholinergic nerves have been shown to regulate murine gastrointestinal epithelial proliferation (8), and therefore the trophic function of cholinergic nerves for normal gastric epithelial cells appears to extend to the corresponding cancer cells, thus contributing to gastric cancer progression.
Interestingly, it has already been shown that receptors for autonomic neurotransmitters can stimulate cancer cell growth through the activation of corresponding signaling pathways. For instance, the activation of b-adrenergic receptors is essential to malignant growth in ovarian cancer (9) and accelerates pancreatic (10) and pulmonary (11) cancer cell growth and invasion. In addition to their effect on cancer cells, autonomic neurotransmitters are also known to stimulate endothelial cells, immune cells, and fibroblasts (12) and therefore their impact on the tumor microenvironment is likely to be broader and extend beyond a direct stimulation of cancer cells. Lymphocytes express catecholamine receptors and macrophages respond to acetylcholine and in many cases, these interactions are immunosuppressive and anti-inflammatory (13) . However, until now the clinical relevance of autonomic neurotransmitters in cancer was unclear as their concentration in the blood is not sufficient to induce a potent effect on cancer cell growth. The discovery of the impact of nerves in prostate and gastric tumors sheds a new light on the role of autonomic neurotransmitters on tumor cell growth, as nerve fibers can release these neurotransmitters directly into the vicinity of cancer cells to stimulate their survival, proliferation, and ability to spread.
Neurogenic Activity of Tumor Cells: The Role of Neurotrophic Growth Factors
Although the two pioneer studies in prostate and gastric cancer revealed the impact of nerves in cancer progression (6, 7) , the key drivers of neuron outgrowth in tumors were not identified. However, two recently published studies in prostate cancer have shown that the attraction of nerve fibers is mediated through the production of neurotrophic growth factors by cancer cells. Pundavela and colleagues (14) have shown that proNGF, the precursor of nerve growth factor (NGF), is expressed in prostate cancer cells and a key driver of nerve infiltration. ProNGF was found to be overexpressed in prostate cancer cells compared with normal and benign hyperplastic prostate epithelial cells. ProNGF was correlated to tumor aggressiveness and low-risk tumors (Gleason score ¼ 6) contained significantly less proNGF than intermediate and high-risk tumors (Gleason score 7). Interestingly, although at this stage, there are no supporting mechanistic animal studies, prostate cancer cells in vitro were found able to stimulate neuron outgrowth through the secretion of proNGF (14) . Whether or not proNGF acts directly on neurons, or is first processed into NGF, is still to be determined, but this study showed that proNGF/NGFs are involved in the neurogenic ability of prostate cancer cells. ProNGF/NGFs have been shown to be involved in perineural invasion (5) , and the study by Pundavela and colleagues (14) indicates that these growth factors also participate in tumor neoneurogenesis. Another investigation by Dobrenis and colleagues (15) has shown that the hematopoietic growth factor G-CSF constrains the growth of prostate cancer cells by supporting the survival of sympathetic nerve fibers. Growth factors generally have pleiotropic functions and although G-CSF was not originally described as a neurotrophic molecule, this study shows that it contributes to neoneurogenesis in prostate cancer. Together the studies by Pundavela and colleagues (14) and Dobrenis and colleagues (15) demonstrate that prostate tumors have the ability to attract nerve fibers through the production and release of neurotrophic growth factors. In addition, cancer cells have been shown to secrete axon guidance molecules such as netrins (16, 17) , and it could be hypothesized that these molecules also contribute to facilitate nerve infiltration. Overall, neurotrophic growth factor receptors and neurotransmitter receptors (NTR), such as b-adrenergic receptors, are expressed in both neurons and cancer cells, and their corresponding ligands act as messengers between the nervous system and cancer. This opens new perspectives to revisit the role of neurotrophic growth factors and axon guidance molecules in cancer and their potential value as new oncology treatment target. An overview of nerve-cancer cell cross-talk is presented in Fig. 1 .
Potential Antineurogenic Therapies in Cancer
From a therapeutic perspective, the studies by Magnon and colleagues (6) and Zhao and colleagues (7) have shown that targeting nerve fibers in prostate and gastric cancer can inhibit tumor growth and metastasis and could therefore be of clinical interest. However, the drugs used in these investigations, such as 6-hydroxydopamine (6-OHDA) and botulinum toxin, as well as other neurotoxic drugs, are unlikely to be of clinical use as they cross the blood brain barrier and are highly toxic to the central nervous system. There are also issues about the specificity as neurotoxic drugs can eventually impact on non-neuronal cells and tissues. Therefore, inhibiting nerve infiltration without inducing neuronal and non-neuronal toxicity is of great importance to future translation of this discovery to the clinic, and the recent identification of neurotrophic factors as drivers of cancer innervation (14, 15) offers a rationale for new therapeutic strategies.
To date, most strategies for targeting neurotrophic factors have been developed for NGF. As NGF plays an important role in generation of pain (18) , blocking antibodies, small pharmacologic inhibitors, and peptides have been designed to antagonize this growth factor and its receptors TrkA and p75 NTR (19) . In particular, a humanized monoclonal antibody (tanezumab) is already in clinical trials for its analgesic activity in chronic rheumatoid and back pain. Interestingly, in murine models, anti-NGF antibodies have been shown to decrease pain caused by bone metastases of prostate cancer and to attenuate bone destruction (20, 21) . Therefore targeting proNGF/NGF, and more generally neurotrophic factors, could also have an additional positive impact by reducing cancer-associated pain, but this perspective warrants further preclinical and clinical investigations. To date, antineurogenic therapies have been tested for the treatment of pain and neurologic diseases, but they could now be redirected to oncology treatments to inhibit nerve infiltration in cancer. In addition, antineurogenic therapies could have a direct effect on cancer cells, as many cancer cells respond to neurotrophic growth factors, such as NGF, by increasing proliferation and migration via the activation of the corresponding tyrosine kinase receptors. This has been particularly well described for neurotrophins in breast cancer (22) . For instance, NGF and proNGF are expressed in breast cancer and stimulate tumor cell growth and invasion (23, 24) , including the stem cell compartment (25) . In prostate cancer, changes in the expression of NGF and its Trk receptor contribute to tumor cell growth and dissemination through a variety of kinasebased signaling pathways, and the inhibition of Trk receptors decreases the growth of prostatic cancer cells (26) . Although neurotrophic factors are less studied in gastric cancer, a recent investigation has reported that the expression of brain-derived neurotrophic growth factor and its receptor TrkB in gastric cancer cells strongly contributes to gastric cancer cell proliferation and dissemination (27) . Therefore, targeting neurotrophic growth factors in cancer would have an impact on tumor progression via the inhibition of nerve infiltration, but also through a direct targeting of cancer cells.
Future Directions
Following this major advance, many questions are being generated by the discovery of nerve involvement in prostate and gastric cancers. How generalizable is nerve involvement in cancer progression? The microenvironment of colorectal cancer for instance is rich in autonomic nerve fibers and the presence of nerves has recently been associated with shortened patient survival in colon cancer (28) . However, the potential impact of nerves on colorectal cancer progression has not been reported and therefore it is still to be determined whether a similar nervedependent tumor growth takes place. In breast cancer, it has been shown that the sympathetic nervous system can induce a metastatic switch (29) , but a possible relationship with nerve fiber infiltration in breast tumors has yet to be established. Another potentially important question relates to the impact of b-blockers on survival of patients with cancer. It has been suggested, mainly in breast (30) and in prostate cancer (31) , that blockers of the b-adrenergic receptor, traditionally used for the treatment of cardiovascular disorders and anxiety, might increase cancer patient survival. However, the mechanism is not resolved and it may be hypothesized that beta-blockers actually inhibit the stimulatory effect of catecholamines liberated by nerves in the tumor microenvironment. In addition, the effect of beta-blockers may also be related to the inhibition of stress, as dopamine, a stress inhibitory catecholamine has been shown to decrease ovarian cancer growth though an antiangiogenic effect (32, 33 
Conclusion
The recent developments described in this review demonstrate that the interaction between nerves and cancer cells goes far beyond the concept of perineural invasion and pain. Nerve infiltration in the tumor microenvironment plays an essential role in both stimulating cancer cell growth and metastasis. These advances bridge a critical gap in knowledge regarding the interplay between the nervous system and cancer, thus opening the way to future investigation of the neurobiology of cancer. The nervecancer cell cross-talk opens new therapeutic perspectives in oncology and future development of antineurogenic strategies should be eagerly anticipated.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed. 
Grant Support

